Introduction
============

Chronic obstructive pulmonary disease (COPD) is becoming a significant cause of mortality and disability worldwide due to the aging population, the increasing number of smokers and worsening air pollution ([@b1-ijmm-45-06-1644]). Among the numerous symptoms of COPD, the decline of the respiratory function is a crucial factor affecting the quality of life of patients ([@b2-ijmm-45-06-1644]), and the respiratory failure caused by respiratory muscle dysfunction is the most severe symptom of COPD, given that respiratory failure is closely related to the mortality rate of patients with COPD. The maximum inspiratory pressure, which is closely associated with the function of inspiratory muscle, also represents one of the independent factors affecting the survival rate of these patients ([@b3-ijmm-45-06-1644]). A previous study demonstrated that the respiratory muscle dysfunction observed in patients with COPD is caused by chronic increased mechanical load ([@b4-ijmm-45-06-1644]). The decline in respiratory muscle function has also been demonstrated to be induced by multiple mechanisms, such as chronic inflammatory infiltration ([@b5-ijmm-45-06-1644]) and oxidative stress ([@b6-ijmm-45-06-1644]), which severely decrease the ventilation capacity of patients with COPD. The diaphragm, as the most important source of mechanical power in respiratory movement, is significantly affected in this process and has also the primary subject of previous studies ([@b7-ijmm-45-06-1644],[@b8-ijmm-45-06-1644]). In patients with early COPD, the diaphragm may compensate for poor ventilation ([@b9-ijmm-45-06-1644]), although it becomes gradually damaged by the increasing ventilation load combined with systemic inflammation ([@b10-ijmm-45-06-1644]), oxidative stress ([@b11-ijmm-45-06-1644]) and other factors. The decline in diaphragm muscle strength and endurance in patients with COPD makes it impossible for these patients to generate enough pressure to obtain normal ventilation levels, which further worsens respiratory distress ([@b12-ijmm-45-06-1644]). Improving the diaphragm function of patients with COPD is of great significance in improving their respiratory status and quality of life.

As the understanding of the significance of diaphragm function in COPD improves, various interventions have been proposed to improve diaphragm function; however, only one intervention was demonstrated to be effective in reversing such abnormalities, exercise training ([@b13-ijmm-45-06-1644]). As an important means of lung rehabilitation, exercise training is considered the cornerstone of COPD management. A large number of clinical studies have demonstrated that the effects of exercise training on the muscle function of patients with COPD are not only observed in the skeletal muscles of limbs, but also in the respiratory muscles such as the diaphragm ([@b14-ijmm-45-06-1644]). Simultaneously, how exercise training induces the improvement of COPD muscle function has been demonstrated, such as the effect of long-term aerobic exercise on the improvement of skeletal muscle stamina, in which fatigue-prone IIB and IIX fibers are transformed into fatigue-resistant type I fibers, enhancing the mitochondrial content and activity, as well as the muscle sugar transport capacity ([@b15-ijmm-45-06-1644]). Different types of exercise training may activate independent signaling pathways ([@b16-ijmm-45-06-1644]), leading to different skeletal muscle adaptation. Concomitantly, as a complex stimulus on the body ([@b17-ijmm-45-06-1644]), exercise may have effects on diaphragm dysfunction in multiple ways. Unfortunately, the existing data are not sufficient to explain the specific mechanism of exercise-dependent enhancement of diaphragm function. Therefore, further exploration of the underlying molecular mechanisms of this improvement in diaphragm function in COPD may lead to the improvement of lung rehabilitation.

Rapid advances in technology have allowed the identification of candidate biomarkers associated with different clinical phenotypes. The emergence of genomics, transcriptomics, proteomics and metabolomics has provided new methods of exploring the pathogenesis and therapeutic targets of diseases ([@b18-ijmm-45-06-1644]). However, the low concordance between gene-level and protein-level analysis limits this top-down mechanism approach ([@b19-ijmm-45-06-1644]); in general, transcriptome data do not generally reflect the true metabolic level of tissues and organs, which is associated with multiple complex and undetermined factors that are involved in the generation of metabolites from genes. Therefore, analysis of gene-level data cannot fully reveal the specific changes associated with the physiological and biochemical statuses of a biosystem relative to phenotype. Fortunately, the emergence of metabolomics addressed this issue.

Normal physiological processes and external stimulation cause changes in the types and quantities of metabolites, which may be quantitatively and qualitatively analyzed by metabolomics ([@b20-ijmm-45-06-1644]). The physiological and biochemical phenotypes can be determined by identifying changes in metabolites, and these data can infer the mechanism of disease progression or potential therapeutic targets. Therefore, metabolomics has been widely used in disease diagnosis, medical research and development, nutritional food science and other fields ([@b21-ijmm-45-06-1644]). Considering that exercise intervention is a complex form of stimulation, non-target processing in metabolomics could be used to screen a wide range of different metabolites prior and subsequent to exercise intervention. Based on existing data ([@b22-ijmm-45-06-1644]) and our previous study ([@b23-ijmm-45-06-1644]), underwater exercise was considered to be a more suitable exercise mode for patients with COPD compared with land activities. Previously, long-term cigarette smoke exposure (CSE) was considered to be a method to establish a COPD model with respiratory muscle dysfunction ([@b24-ijmm-45-06-1644]-[@b26-ijmm-45-06-1644]), and it caused systemic changes in rats, including oxidative stress ([@b27-ijmm-45-06-1644]) and systemic inflammation ([@b28-ijmm-45-06-1644]), and also induced a dysregulation of skeletal muscle protein synthesis and decomposition, resulting in COPD muscle dysfunction ([@b29-ijmm-45-06-1644]). In the present study, CSE was used to establish a COPD rat model, while aerobic exercise in water was used as an exercise intervention method in animal models. The potential mechanism of action of an exercise intervention on diaphragm dysfunction in COPD was explored by comparing the changes in pulmonary function, diaphragm muscle strength and diaphragm differential metabolites between three groups: A COPD + exercise group (CEG); COPD model group (CMG); and control group (CG). Gas chromatography tandem time-of-flight mass spectrometry (GC-TOF-MS) was used to detect the different metabolites in the diaphragm tissues of rats of the different groups.

Materials and methods
=====================

Animals and management
----------------------

Healthy male 2-month-old Sprague-Dawley rats with an average body weight of 200±20 g were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. All the experimental animals had *ad libitum* access to food and water in a 12:12 h light:dark cycle. The temperature in the feeding room was maintained at 21±2°C and the humidity was stable at 60±5%. The experimental protocol was approved by the Institutional Animal Care and Use Committee of Shanghai University of Sport (approval no. 2018026), and was conducted following the Animal Research Guidelines of the Shanghai University of Sport. During the experiment, all rats were anesthetized and executed according to the experimental scheme, and all measures were taken to decrease the pain of the experimental animals.

Establishment and verification of the COPD model
------------------------------------------------

A total of 38 rats ([Fig. 1](#f1-ijmm-45-06-1644){ref-type="fig"}) were randomly divided into two groups: COPD rats (CR; n=24) and CG (n=14). Animals from the CR group were exposed to cigarette smoke for 16 weeks to establish a COPD model, while the CG rats were exposed to fresh air and did not undergo any intervention. The passive smoking poisoning system (PAB-S200; Beijing Bestlab High-Tech Co., Ltd.) was used to generate and expose the animals to cigarette smoke during the experimental process. The method for establishing the model was based on those previously described ([@b24-ijmm-45-06-1644]-[@b26-ijmm-45-06-1644],[@b30-ijmm-45-06-1644],[@b31-ijmm-45-06-1644]). The similar total number of cigarettes, as described by Caron *et al* ([@b31-ijmm-45-06-1644]), was adopted in the present study, and the modeling duration was shortened to 16 weeks, using progressive CSE. A total of 20 rats were placed in the passive smoking poisoning system at a time. The establishment of the model was completed in 4 stages. The first week was the adaptive modeling period: For 7 days, the rats were passively exposed to a dose of smoke from 10 cigarettes once a day for 1 h. During weeks 2-8, the rats received twice the daily dose of smoking, in which 10 cigarettes were burned during each exposure for 1 h. From weeks 9-12, rats were exposed to smoke twice a day, in which 15 cigarettes were burned each time for 1 h. In weeks 13-16, rats were exposed to smoke twice a day, in which 20 cigarettes were burned each time for 1 h. A total of 2 rats died of acute respiratory tract inflammation during the establishment of the model.

A total of 6 rats in CR were randomly selected and compared with 6 CG rats to validate the COPD model after 4 months of smoke exposure. The main parameters of model validation were pulmonary function tests and histological changes in the lung tissues. The pulmonary function procedure was as follows: Rats were weighed and anesthetized using intraperitoneal injection of 10% chloral hydrate (400 mg/kg body weight; Sinopharm Chemical Reagent Co., Ltd.) solution. A total of 10 min later, the righting reflex disappeared and the response to pain stimulus disappeared. Rats entered a deep anesthesia state without peritonitis symptoms, such as abdominal muscle tension. Following skin preparation, the neck skin was cut longitudinally. The subcutaneous tissue and sternohyoid muscle were separated, and the trachea was exposed. The trachea was then cut, and the rats were intubated and connected to the Buxco Pulmonary Function Testing System (Data Sciences International). Forced vital capacity (FVC), 100 milliseconds forced expiratory volume (FEV100), functional residual capacity (FRC), vital capacity (VC) and peak expiratory flow (PEF) were used to identify the lung function.

Following the pulmonary function test, rats were euthanized by rapid decapitation under deep anesthesia. The heartbeat and nerve reflex were then examined to ensure rat death: Cardiac arrest and loss of the nerve reflex were used as confirmation of animal death. The lung lobes of the rats were removed for histological observation to confirm pathological changes. The lung tissues were fixed in 4% paraformaldehyde for 24 h at room temperature and dehydrated using an increasing ethanol gradient. Then, the lungs were submerged in xylene, and embedded in paraffin using the Leica EG1160 paraffin embedding machine (Leica Microsystems GmbH). Serial sagittal sections (5 µm) were obtained for histological analyses using the Leica RM2235 paraffin microtome (Leica Microsystems GmbH). Finally, the lung tissues were stained with hematoxylin & eosin and observed using a light microscope (magnification, ×200).

Training protocols
------------------

Following model identification, the remaining COPD rats (n=16) were randomly divided into CEG (n=8) and CMG (n=8). The CEG rats underwent aerobic exercise intervention for the subsequent 9 weeks, while the CMG and CG rats did not.

The original training program was described by Totou *et al* ([@b32-ijmm-45-06-1644]), and was subsequently modified in the present study. Swimming was used as aerobic exercise, taking place in a tank. The water level was initially set at 45 cm, and then adjusted according to the growth of the animals and the water temperature was set at 33-35°C. Swimming training included a 60 min swimming course. The whole intervention process was divided into 3 stages. The 17th week was the adaptive intervention stage. On the first day, swimming training lasted 10 min, and was then increased for 10 min every day until it reached 60 min on the 5th day. The training lasted for 6 days. Starting from the 18th week, training was conducted every other day, 3 days a week. At weeks 18-21, rats under-went swimming sessions without load, while at weeks 22-25, rats gradually adapted to a body mass overload of 5%. The present study aimed to set the intensity of exercise to near the sub-maximum, according to maximal lactate steady states (6% of body weight for swimming load) noted in the literature ([@b33-ijmm-45-06-1644]). Stage-by-stage exercise intervention was beneficial for the rats, to ensure gradual adaption to the intensity of the exercise and to decrease the adverse effects caused by sudden increases in exercise intensity. During the experiment, the rats were progressively challenged with exercises at a higher intensity compared with that of the exercises they had just become adapted to, as once the rats adapt to the intensity of the exercise, the effects of the intervention are not reliable.

Evaluation of pulmonary function and diaphragm function
-------------------------------------------------------

In the 26th week, the pulmonary function, as aforementioned, and diaphragm function were evaluated in all rats. The isolated diaphragm muscle strength, measured in a tissue perfusion system (Harvard Apparatus), was used to reflect the diaphragm function in rats, as described previously ([@b34-ijmm-45-06-1644]). Following thoracotomy, 1.5×9.0 mm diaphragm strips were cut from the edge of a blood vessel perpendicular to the left side and the middle of the diaphragm and placed into Krebs-Hanseleit buffer (117 mmol/l NaCl, 4.7 mmol/l KCl, 2.5 mmol/l CaCl~2~, 1.2 mmol/l KH~2~PO~4~, 1.2 mmol/l MgSO~4~, 24.6 mmol/l NaHCO and, 10.1 mmol/l D-glucose) at 37°C. The mixture of 95% O~2~ and 5% CO~2~ was used to balance the perfusion fluid for 15 min prior to perfusion, and the gas flow was maintained during the perfusion. After a 2 g weight preload calibration, the diaphragm tissue strips were put into the glass bath; one end of the strip was fixed at the bottom of the bath and the other end of the strip was attached to the tension sensor. A tungsten wire electrode was used to stimulate the muscle strip at 10 V with a square wave of 1 Hz and 2 ms wavelength along the long axis of the muscle. The diaphragm contraction strength was recorded using PowerLab 4/35 data acquisition hardware (ADInstruments Ltd.). The mean values of the 5 maximum peaks of muscle contraction were measured and corrected by the cross-sectional area (CSA) in mg/cm^2^. Following the measurement of diaphragm strength *in vitro*, the non-muscle tissue was removed, and the length of the muscle strip was measured. The water was removed with absorbent filter paper, and the muscle strip was weighed. CSA was calculated using the following formula: CSA (mm^2^)=strip weight (mg)/\[strip length (mm) × muscle density 105.6 (mg/mm)\].

The histological observations of the lung and diaphragm were also performed as aforementioned. In addition, the lung tissues of the three groups of rats were stained using a reticulin kit (Genmed Scientifics, Inc.) to further observe the structure of alveoli. The specific steps are described in a previous study ([@b35-ijmm-45-06-1644]). Briefly, sections were cut at a 5-µm thickness from routinely processed paraffin blocks. They were deparaffinized, rehydrated, rinsed in distilled water, and immersed in 1% potassium permanganate (2 min). The sections were rinsed in the following solutions: 2.5% oxalic acid (1 min), 2% iron alum (1 min), Gomori\'s solution (3 min), 10% formalin (2 min), gold chloride (1:500; 5 min), 3% potassium metabisulfite (1 min), and 3% sodium thiosulfate (1 min); sections were rinsed with distilled water before immersion in each solution. Then, the sections were dehydrated with a graded series of ethanol, cleared in xylene, and fixed with neutral gum. The above operations were performed in a dark room at room temperature.

Sample preparation
------------------

The remaining diaphragm muscle tissues of rats were collected and 50±1 mg diaphragm tissue was extracted for metabolomic analysis. The samples were placed into 2 ml Eppendorf (EP) tubes and 450 µl extraction liquid (VMethanol:V~C~hloroform=3:1) was then added. A total of 10 µl L-2-chlorophenylalanine (1 mg/ml stock in double-distilled H~2~O; Shanghai Hengbai Biotech Co., Ltd.) was used as the internal standard. The mix was vortexed for 30 sec, homogenized in a ball mill for 4 min at 45 Hz, and ultrasound-treated at 40 kHz for 5 min. The sample was incubated in ice water during the ultrasound treatment. Then, the sample was centrifuged at 13,800 × g for 15 min at 4°C, and 300 µl supernatant was transferred into a fresh 1.5 ml EP tube. A total of 50 µl from each sample was taken and pooled as the QC sample, which was dried completely in a vacuum concentrator without heating. Then, 40 µl methoxyamination hydrochloride \[20 mg/ml in pyridine; TCI (Shanghai) Development Co., Ltd.\] was added, and the QC sample was incubated for 30 min at 80°C. Afterward, 60 µl BSTFA regent (1% trimethyl chlorosilane, v/v; Regis Technologies, Inc.) was added to the QC sample, which was further incubated for 1.5 h at 70°C. A total of 5 µl FAMEs (in chloroform; Dr. Ehrenstorfer GmbH) was added to the QC sample while cooling to room temperature. All samples were analyzed by a gas chromatography system coupled with a Pegasus HT time-of-flight mass spectrometer (GC-TOF-MS).

GC-TOF-MS analysis
------------------

GC-TOF-MS analysis was performed using an Agilent 7890 gas chromatograph system (Agilent Technologies, Inc.) coupled with a Pegasus^®^ HT time-of-flight mass spectrometer (LECO Corporation). The system utilized a DB-5MS capillary column (Agilent Technologies, Inc.) coated with 5% diphenyl cross-linked with 95% dimethylpolysiloxane (30 m × 250 *µ*m inner diameter, 0.25 *µ*m film thickness; J&W Scientific). A 1 *µ*l aliquot of the analyte was injected in the splitless mode. Helium was used as the carrier gas, the front inlet purge flow was 3 ml min^−1^, and the gas flow rate through the column was 1 ml min^−1^. The initial temperature was maintained at 50°C for 1 min, and it was then raised to 310°C at a rate of 10°C min^−1^ and subsequently maintained at 310°C for 8 min. The injection, transfer line, and ion source temperatures were 280, 280 and 250°C, respectively. The energy was −70 eV in the electron impact mode. The mass spectrometry data were acquired in full-scan mode with the m/z range of 50-500 at a rate of 12.5 spectra/second following a solvent delay of 6.17 min.

Data preprocessing
------------------

### Pulmonary function and muscle strength in vitro

The data distribution was examined by the Kolmogorov-Smirnov test and homogeneity test of variance (Levene\'s test). The normally distributed data are expressed as mean ± standard deviation, while skewed data are expressed as median (interquartile range). A one-way analysis of variance was used for comparisons among multiple groups, and the Least Significant Difference method was used for further comparison. Dunnett\'s T3 was used for multiple comparisons among groups if the variance was not uniform. P\<0.05 was considered to indicate a statistically significant difference. The software package SPSS v.21.0 (IBM Corp) was used for statistical analyses.

### Metabolomics results processing

Chroma TOF 4.3X software (LECO Corporation) and LECO-Fiehn Rtx5 database were used for raw peaks exacting, the data baselines filtering and calibration of the baseline, peak alignment, deconvolution analysis, peak identification and integration of the peak area ([@b36-ijmm-45-06-1644]). Both the mass spectrum match and retention index match values were measured during metabolite identification. Peaks detected in \<50% of QC samples or RSD \>30% in QC samples were removed, as described previously ([@b37-ijmm-45-06-1644]).

The original data were preprocessed. The deviation values were filtered, and the missing values in the original data were simulated. Finally, the data were standardized using the internal standard. Following processing, the three-dimensional data associated with peak number, sample name and standardized peak area were input into SIMCA v.14.1 software package (MKS Instruments, Inc.) for the orthogonal projection of principal component analysis (PCA) and orthogonal projections to latent structures-discriminant analysis (OPLS-DA). PCA revealed the internal structure of data. Concomitantly, OPLS-DA was used to improve visualization and for follow-up analysis of the differential variables identified in the large metabolomics dataset. In addition, univariate statistical analysis was used for data analysis to avoid false-positive errors or model over-fitting caused by using only one type of statistical analysis. The variable importance for the projection (VIP) \>1.0 and P\<0.05 were used as the cut-off values for significantly different metabolites.

Differential metabolites obtained from the analysis were identified to be biologically similar or complementary in functions, or regulated positively or negatively by the same metabolic pathway, showing either similar or opposing expression profiles among the different experimental groups. Therefore, a hierarchical cluster analysis of the differentiated metabolites was performed using Euclidean distance matrix (MATLAB 2018b; <https://www.mathworks.com/>), as described previously ([@b38-ijmm-45-06-1644]). Moreover, the annotations identified from the Kyoto Encyclopedia of Genes and Genomes ([@b39-ijmm-45-06-1644],[@b40-ijmm-45-06-1644]) (KEGG; <https://www.genome.jp/kegg/>) were analyzed, and the metabolic pathways of differentiated metabolites were further analyzed using MetaboAnalyst 3.0 (<https://www.metaboanalyst.ca>).

Results
=======

Effect of 16-week CSE on pulmonary function and tissue structure in rats
------------------------------------------------------------------------

The results of model verification demonstrated that there were significant differences in lung function and structure between the COPD rats and control rats, which suggested that the model was successfully established ([Fig. 2](#f2-ijmm-45-06-1644){ref-type="fig"}). The 16-week model-building process inhibited weight gain of the model rats ([Fig. 2A](#f2-ijmm-45-06-1644){ref-type="fig"}). The pulmonary ventilation function of model rats decreased significantly, including PEF, FEV100 and FVC ([Fig. 2B](#f2-ijmm-45-06-1644){ref-type="fig"}). Concomitantly, the histological examination demonstrated that, compared with the control rats ([Fig. 2C](#f2-ijmm-45-06-1644){ref-type="fig"}), the pulmonary structure of the model rats was reconstructed: the alveoli were enlarged, and fusions between the terminal bronchus and the alveoli were observed ([Fig. 2D](#f2-ijmm-45-06-1644){ref-type="fig"}).

Changes in pulmonary function and histology following exercise
--------------------------------------------------------------

The effects of the CSE treatment on the respiratory tract and the general condition of rats were different between the treatment groups. During the entire study, the animals in the CG were allowed to move freely for an extended period of time, with good breathing conditions, a smooth coat and gradual weight gain. The COPD model animals (CEG and CMG) were affected by cigarette smoke during the modeling period (0-16 weeks). Their fur was dry and yellowish, and they exhibited symptoms of respiratory discomfort, including shortness of breath, hypersonic breathing and increased secretions of the respiratory tract. The weight of the model animals increased slowly. During the intervention period (17-25 weeks), the respiratory symptoms of CEG and CMG gradually disappeared, but the weight gain of CEG rats was slow. In addition, the 9-week swimming intervention significantly improved the lung function in the COPD rats: Compared with the CMG, the pulmonary function of CEG was significantly improved (P\<0.05), and there were increases in FVC, FEV100 and PEF values. Furthermore, the difference between CEG and CG was primarily reflected in the decrease of FRC (P\<0.05; [Fig. 3A](#f3-ijmm-45-06-1644){ref-type="fig"}).

Histological staining of lung tissue demonstrated a significant difference among the three groups following intervention. In the CMG, alveolar dilatation, narrowing and rupture of alveolar septum were observed under microscopy, and the adjacent alveoli had fused into larger cysts ([Fig. 3B](#f3-ijmm-45-06-1644){ref-type="fig"}). The morphological structure of lung tissue in CEG was similar to that in the CMG ([Fig. 3C](#f3-ijmm-45-06-1644){ref-type="fig"}). In the CG, the rats exhibited healthy lung tissue structure with uniform alveolar size and within a reasonable range ([Fig. 3D](#f3-ijmm-45-06-1644){ref-type="fig"}). As it was not possible to determine under the microscope whether the dark stained sections were aggregated inflammatory cells, the effect of an exercise intervention on the inflammatory response could not be determined under the microscope. The reticulin stained results are presented as supplementary materials ([Fig. S1](#SD1-ijmm-45-06-1644){ref-type="supplementary-material"}).

Effects of aerobic exercise on diaphragm muscle strength and histology in rats
------------------------------------------------------------------------------

The measurement of the diaphragm muscle strength *in vitro* closely reflected the contractile function of the diaphragm, and the results of the present study indicated that aerobic exercise improved the diaphragm function of COPD rats. It was demonstrated that the diaphragm muscle strength of the CMG was significantly weaker compared with that of the CG (P\<0.05), and the diaphragm muscle strength of CEG rats was stronger compared with that of the CMG (P\<0.05). There was no significant difference in diaphragm muscle strength between the CEG and CG ([Fig. 4A](#f4-ijmm-45-06-1644){ref-type="fig"}). The diaphragms of the three groups of rats exhibited different histological morphologies. In the CMG, the structure of muscle fibers in the longitudinal section of the diaphragm was not uniform, and the muscle fibers were not close together ([Fig. 4B](#f4-ijmm-45-06-1644){ref-type="fig"}). The proliferation of interstitial fibers could be observed in certain visual fields. In turn, the muscle fibers in the CEG ([Fig. 4C](#f4-ijmm-45-06-1644){ref-type="fig"}) and the CG ([Fig. 4D](#f4-ijmm-45-06-1644){ref-type="fig"}) were arranged neatly and tightly, and no interstitial fibers and capillary proliferation were observed.

Multivariate analysis of the metabolomics data
----------------------------------------------

Of the 24 samples, 742 peaks were extracted from the original data. Following data preprocessing, 599 peaks remained. The results of the multivariate pattern recognition analysis indicated that the data were reliable. Firstly, from the results of the PCA score chart, all the samples were in the 95% Hotelling\'s T-squared ellipse, with the exception of one outlier ([Fig. 5](#f5-ijmm-45-06-1644){ref-type="fig"}). Secondly, OPLS-DA was used to analyze the model ([Fig. 6](#f6-ijmm-45-06-1644){ref-type="fig"}) to obtain more reliable information about the correlation between the significantly different metabolites and the experimental groups. The OPLS-DA score plot demonstrated significantly separated clusters between the three different groups, although a sample from the CMG was not in the 95% Hotelling\'s T-squared ellipse in 2 comparisons ([Fig. 6A and B](#f6-ijmm-45-06-1644){ref-type="fig"}). Compared with the CG, the two evaluating parameters of the OPLS-DA model were R^2^Y= 0.902 and Q^2^= 0.523. Compared with CMG, the parameters were R^2^Y=0.956 and Q^2^=0.584. [Fig. 6C](#f6-ijmm-45-06-1644){ref-type="fig"} demonstrates the results from 200 permutation tests, with intercept R^2^=(0, 0.82) and Q^2^=(0, −0.46) in the comparison of the CMG and the CG, while [Fig. 6D](#f6-ijmm-45-06-1644){ref-type="fig"} shows the permutation test results of the comparison between the CEG and CMG, with intercept R^2^=(0, 0.85) and Q^2^=(0, −0.45). These results confirmed that the original model had good robustness and that there was no over-fitting phenomenon, indicating that the model was appropriate for follow-up analysis. Therefore, the outlier was retained in subsequent analysis, given that the results of multivariate analysis were stable and reliable.

Biomarkers associated with exercise intervention
------------------------------------------------

The distribution of all differential metabolites was grouped into upregulated and downregulated metabolites. Compared with the diaphragm metabolites of the CMG and the CG, 85 different metabolites were screened out, of which 82 metabolites were identified as downregulated. In the comparison between CEG and CMG, 80 different metabolites were identified, 77 of which were identified as upregulated. The screened differential metabolites are presented in the form of volcano plots ([Fig. 7](#f7-ijmm-45-06-1644){ref-type="fig"}). Compared with the CG, excluding unknown metabolites, 36 metabolites in the diaphragm of the CMG were identified to be significantly different. In addition, compared with the CMG, the expression of 29 metabolites in the diaphragm of rats in CEG was significantly different following exercise intervention. To identify any candidate biomarkers associated with exercise training, the differentially expressed metabolites that exhibited contrasting expression profiles between the CMG and the CG, and between the CEG and the CMG, were selected. A total of 8 metabolites were identified ([Table I](#tI-ijmm-45-06-1644){ref-type="table"}), including threonine, serine, nicotinamide, lactic acid, citraconic acid, 3-cyanoalanine, dioctyl phthalate and 2-hydroxypyridine.

Pathway analysis of biomarkers
------------------------------

The Euclidean distance matrix was used for differential metabolite analysis, to explore the correlation between the different metabolites identified and to explore the characteristics of metabolite changes among experimental groups ([Fig. 8](#f8-ijmm-45-06-1644){ref-type="fig"}). In addition, KEGG annotation of differential metabolites and pathway analysis of differential metabolites were employed for further analysis, considering the complex metabolic reactions and associated regulatory mechanisms. When the metabolites different in CMG and CG were analyzed using MetaboAnalyst, 17 metabolite pathways were identified to be significant. Based on their-ln (P-value) and pathway impact scores \[-ln (P-value) \>1 and impact scores \>0\] and the biological roles of metabolic pathways in associated fields, five pathways were selected. These were: Arginine and proline metabolism; nicotinate and nicotin-amide metabolism; tricarboxylic acid cycle; starch and sucrose metabolism; and galactose metabolism ([Fig. 9A](#f9-ijmm-45-06-1644){ref-type="fig"}). A total of 4 metabolite pathways were identified to be significantly different between CEG and CMG: Pyrimidine metabolism; arginine and proline metabolism; nicotinate and nicotinamide metabolism; and beta-alanine metabolism ([Fig. 9B](#f9-ijmm-45-06-1644){ref-type="fig"}). Notably, the metabolic pathways that were identified in both comparisons deserve further discussion. The substances in these pathways may contribute to the occurrence of diseases, but they could also be involved in the potential mechanisms underlying the exercise-based improvement of the condition. Considering the source and function of these metabolites, the exercise-dependent enhancement of diaphragm function in COPD rats is potentially mediated by these shared pathways, namely, the nicotinate and nicotinamide metabolism, and arginine and proline metabolism pathways. In addition, the glycine-serine-threonine metabolism, fatty acid biosynthesis and metabolism-associated pathways also appeared in 2 comparisons, even though the impact scores of these pathways were not high ([Fig. 10](#f10-ijmm-45-06-1644){ref-type="fig"}).

Discussion
==========

Changes in pulmonary function and histology in COPD rats following exercise
---------------------------------------------------------------------------

Exercise intervention inhibited the adverse effects of respiratory tract exposure to smoke ([@b41-ijmm-45-06-1644],[@b42-ijmm-45-06-1644]) and improved the general condition of rats ([@b43-ijmm-45-06-1644]). Considering the association between the modeling process and self-repair and the smoking habits of some patients with COPD \[long-term smoking and difficult to quit smoking ([@b44-ijmm-45-06-1644],[@b45-ijmm-45-06-1644])\], a progressive long-term exposure to cigarette smoke was adopted. Rodents have a demonstrated ability for self-repair ([@b46-ijmm-45-06-1644]). Maintaining the intensity of a constant stimulus results in a gradual increase in tolerance and tissue repair ([@b47-ijmm-45-06-1644],[@b48-ijmm-45-06-1644]). Incremental exposure to cigarette smoke decreased the effect of self-repair in rats ([@b49-ijmm-45-06-1644],[@b50-ijmm-45-06-1644]). Concomitantly, long-term incremental exposure to cigarette smoke also imitates the smoking habits of patients with COPD, compounding the effects of cigarettes on the disease ([@b30-ijmm-45-06-1644],[@b51-ijmm-45-06-1644]). Following smoking cessation, the changes in the respiratory symptoms in the CMG reflected the effect of self-repair, while the recovery process in the CEG rats may have benefited from the exercise intervention; the change of pulmonary function results in this group reflected this hypothesis. In addition, in the entire cohort of rats, exercise elicited an effect on the rate of weight gain, revealing that the effect of exercise on the body is multifaceted.

To evaluate the effect of exercise on pulmonary function in COPD rats, the present study primarily focused on the improvement of ventilation function. As the gold standard of COPD diagnosis, the improvement in the pulmonary function has a significant effect on the prognosis of COPD. Clinical pulmonary function examination is primarily divided into two aspects; namely, the examination of lung volume and the examination of pulmonary ventilation function ([@b52-ijmm-45-06-1644]). The abnormality of pulmonary function in patients with COPD is reflected in both pulmonary volume and pulmonary ventilation function ([@b53-ijmm-45-06-1644]). In patients with COPD, excessive inflation of the lungs results in an increase in the residual volume, which leads to a marked decrease in the ability of inhalation. In pulmonary function tests, abnormal lung capacity was observed, such as decreased complementary expiratory volume, increased residual volume or decreased vital capacity. Airway obstruction, such as decreased ventilation function, is the primary symptom in the lungs of patients with COPD. Abnormal ventilation function can be manifested as a decrease of FVC, forced expiratory volume in the first second or PEF, or an increase of FRC ([@b54-ijmm-45-06-1644]).

The results of the pulmonary function tests indicated that FVC, FEV100 and PEF, as indexes of pulmonary ventilation function, were significantly different in the three groups. The difference between the CMG and the CG indicated that the pulmonary ventilation function of CMG did decrease following exposure to cigarette smoke, which was one of the successful manifestations of the establishment of the model. Meanwhile, the difference between the CEG and CMG groups indicated that the ventilation function of the rats was significantly improved following exercise intervention, particularly the FRC and PEF indexes. These 2 indicators reflected the important index of respiratory muscle strength, which also implied that aerobic exercise in water effectively exercised the respiratory muscles, enhanced muscle strength and improved pulmonary ventilation function. However, no significant difference in the lung volume VC index observed between the three groups. The effects of lung volume are associated with the changes in the physiological structure of lung tissue caused by different diseases, and also factors such as body weight and body shape ([@b55-ijmm-45-06-1644]). After 16 weeks of smoke exposure and 9 weeks of exercise intervention, the body shape of the rats in different groups changed significantly. The body weight of rats in the CEG was decreased compared with that of the CMG rats, which is likely to affect certain lung volume indexes, such as VC.

In the present study, the mechanism of exercise-dependent improvement of the lung function in rats with COPD was not fully investigated. Results of the histological analyses indicated that there were no specific differences in the structures of the lung tissues between the CEG and CMG. Both groups exhibited the pathological characteristics of COPD, which suggested that the 9-week exercise intervention did not significantly reverse the pathological changes of lung tissue in COPD rats. It should be noted that the levels of inflammation in these sections were not analyzed in the present study. Although a previous study has confirmed that exercise does regulate inflammation in COPD airways and lung tissues ([@b56-ijmm-45-06-1644]), the markers of inflammation were not investigated and therefore it is not able to be concluded. In addition, although some studies have demonstrated that aerobic exercise reversed the airway remodeling in asthmatic mice ([@b57-ijmm-45-06-1644],[@b58-ijmm-45-06-1644]), the results of the present study suggested that the benefits of exercise on COPD were more significant in terms of respiratory muscle strength, exercise capacity and exercise-induced dyspnea, which is consistent with the conclusions of other previous studies ([@b59-ijmm-45-06-1644]-[@b61-ijmm-45-06-1644]).

Effects of exercise on the diaphragm of rats with COPD
------------------------------------------------------

A marked difference in the diaphragm function of the different groups was observed. The contractility of the diaphragm tissues *in vitro* was measured as a proxy for the muscle function ([@b62-ijmm-45-06-1644]), and the corresponding results indicated that the COPD rats exhibited a decline in diaphragm muscle strength. For patients with COPD, the respiratory muscles are exposed to an inhalation load for an extended period of time, and the diaphragm has to be in an active state to ensure survival, so it is less affected compared with the lower limb muscles. However, with the advances in COPD diaphragm research, the impairment of diaphragm function in these patients has been confirmed, and the associated pathological process has been gradually clarified ([@b63-ijmm-45-06-1644]). Due to a change in thoracic geometry, the diaphragm can be placed at an adverse contraction length. Concomitantly, the increasing ventilation load, exacerbations, nutritional abnormalities and aging would make the diaphragm undergo a compensatory period by functioning faster ([@b12-ijmm-45-06-1644]), which was also the final result observed in many diaphragms in the compen-satory period ([@b64-ijmm-45-06-1644],[@b65-ijmm-45-06-1644]). Histological analysis of the model rats demonstrated a morphology similar to muscle atrophy, which was consistent with previous clinical studies ([@b66-ijmm-45-06-1644],[@b67-ijmm-45-06-1644]). Changes in muscle structure affected the normal function of the muscle. The comparison of diaphragm function and structure between the CEG and the CMG indicated that exercise significantly improved the diaphragm function, which was also consistent with previous studies ([@b68-ijmm-45-06-1644],[@b69-ijmm-45-06-1644]). Although other studies ([@b70-ijmm-45-06-1644],[@b71-ijmm-45-06-1644]) have indicated that physical exercise or respiratory re-education increased the strength of respiratory muscles, the effect of specific muscle training has been widely debated ([@b72-ijmm-45-06-1644]). In addition, the effectiveness of exercise training observed in the present study does not indicate that all types of exercise have beneficial effects on the diaphragms of patients with COPD. The ventilation load caused by conventional exercise intensity is insufficient to induce training adaptation ([@b73-ijmm-45-06-1644]). To decrease dyspnea and improve exercise ability, a specific ventilation load should be imposed on the respiratory muscles to improve the respiratory muscle function in COPD. Compared with land-based exercise, aquatic aerobic exercise has better suitability and acceptability for moderate to severe COPD ([@b22-ijmm-45-06-1644],[@b74-ijmm-45-06-1644]). Simultaneously, when exercising in water, the effects of water pressure and other factors ensure that the respiratory muscles and thorax of patients with COPD undergo stronger load stimulation, and these factors promote training adaption. In combination with the results concerning the effects of exercise on pulmonary function, these data suggest that exercise may serve an essential role in improving diaphragm function.

Biomarkers for improving diaphragmatic function by exercise
-----------------------------------------------------------

Multivariate statistical analysis ensured the validity of biomarker screening. Firstly, the PCA results demonstrated that, following dimensionality reduction, the principal components of the three groups of samples were quite different compared with when they were analyzed in pairs. Secondly, the OPLS-DA scatter plot results indicated that the samples in the different groups were significantly different, while the permutation test results excluded the possibility of false-positive data. The biomarkers screened from the established model had relatively high reliability. Although there was an outlier in the PCA and OPLS-DA data, the OPLS-DA model had good validity, and the physiological indexes (pulmonary function and diaphragm contractility) and histological data of this rat were not abnormal. Therefore, this sample was not eliminated in the subsequent analysis.

The improvement of diaphragm function by exercise was associated with the exercise-dependent promotion of the expression of various metabolites. The volcano maps indicated that the majority of the significantly different metabolites in the CMG were downregulated compared with the CG, while the majority of the metabolites with significant differences were upregulated following the exercise intervention. Concomitantly, the decrease in diaphragm function in the COPD rats was likely to be associated with the downregulation of certain metabolites in the diaphragm. Following exercise training, the improvement of diaphragm function in the CEG rats was identified to be associated with the upregulation of a large number of metabolites in the diaphragm. Differential metabolites involved in both comparisons may be biomarkers associated with the exercise-dependent enhancement of diaphragm function. A total of 8 metabolites were identified: Threonine; serine; nicotinamide; lactic acid; citraconic acid; 3-cyanoalanine; dioctyl phthalate; and 2-hydroxypyridine.

Threonine is an essential amino acid for the human body. It is an important nutrient fortifier, which decreases fatigue and promotes growth and development. Muscle growth is known to be regulated by signal transduction pathways, which sense and compute local and systemic signals and regulate various cellular functions. Threonine, which is phosphorylated by phosphokinase, activates the mTOR signaling pathway, regulates the function of insulin-like growth factor-1/mechano growth factor/insulin and/or mechanical signals, amino acids and muscles, and correspondingly regulates protein synthesis to promote muscle growth ([@b75-ijmm-45-06-1644]). It has been suggested that exercise improved the level of threonine *in vivo* ([@b76-ijmm-45-06-1644]). In the present study, the increase in threonine levels in the diaphragms of the CEG rats and the decrease in threonine levels in the diaphragms of the CMG rats suggested that the improvement of the function of the diaphragm by exercise may be associated with the regulation of threonine levels.

Serine also serves a vital role in the human body. Serine is involved in the formation of cell membranes and the synthesis of myoprotein. It has been demonstrated that the carrier proteins serine incorporator 1-5 incorporates a polar amino acid serine into the membrane and promotes the synthesis of 2 serine-derived lipids, namely phosphatidylserine and sphingolipid ([@b77-ijmm-45-06-1644]). Pantaleo *et al* ([@b78-ijmm-45-06-1644]) suggested that the phosphorylation of serine residues is involved in the construction of cell membranes, based on the study of the erythrocyte membrane. A previous study has demonstrated that serine participates in the regulation of the mTOR pathway on skeletal muscle protein synthesis: Phosphorylation of serine residues on eukaryotic translation initiation factor 4G promotes muscle protein synthesis, and this process is regulated by the mTOR pathway ([@b79-ijmm-45-06-1644]). Exercise increases the levels of serine phosphorylation in the body, while supplementation of serine enhances exercise ability ([@b80-ijmm-45-06-1644]). Considering the results of the present study, the decline in respiratory muscle function in the COPD rats may be associated with the decrease in serine expression, and the increase in serine levels following exercise is also a potential mechanism for improving respiratory muscle function.

Nicotinamide is the amide form, and the primary form, of nicotinic acid. It is also the precursor of human synthetic coenzyme I dihydrouracil dehydrogenase (NAD+) and coenzyme II nicotinamide-adenine dinucleotide phosphate (NADP), which are key molecules widely present in cellular signaling pathways regulating cell metabolism and homeostasis. The presence of nicotinic acid is significant in regulating the level of oxidative stress *in vivo*. It inhibits phosphatidylserine externalization and late DNA damage in a unique way during oxidative stress ([@b81-ijmm-45-06-1644]). It is thought that nicotinamide-based protein secretion regulation removes reactive oxygen species and protects against oxidation. In addition, nicotinamide also regulates cell inflammation and inhibits inflammatory mediators ([@b82-ijmm-45-06-1644],[@b83-ijmm-45-06-1644]) such as interleukin (IL)-1β, IL-6, IL-8, transforming growth factor β-2 and macrophage chemotactic protein-1 in liver cells. Nicotinamide also inhibits the production of tumor necrosis factor ([@b83-ijmm-45-06-1644]). Therefore, nicotinamide was demonstrated to participate in cellular metabolism processes and metabolic diseases, and it serves an important role in maintaining normal cell activities ([@b84-ijmm-45-06-1644]). Both intra- and extrapulmonary injuries in COPD are considered to be associated with oxidative stress and systemic inflammation. Whether this exercise-mediated elevation affects oxidative stress and inflammation through nicotinic acid requires further investigation.

Lactic acid is the intermediate product of carbohydrate metabolism in the anaerobic state and has been considered to be closely associated with exercise fatigue ([@b85-ijmm-45-06-1644]). Following ≥1 intensive training sessions, a large amount of lactic acid is produced, and H^+^, produced by lactic acid dissociation, will decrease the environmental pH value, thereby inhibiting the excitability of muscle fibers and decreasing muscle contraction ability. However, follow-up studies have disputed the causal association between lactic acid-acidosis and muscle fatigue, and additional associated data demonstrated that lactic acid was a key component of local and global metabolism ([@b86-ijmm-45-06-1644]). It was identified that lactic acid elicits an anti-fatigue effect, and can be used as a \'mobile fuel\' for other tissues and muscle fibers to maintain the blood sugar homeostasis ([@b87-ijmm-45-06-1644]). Lactic acid also maintains ATP production for cellular metabolic demands by stabilizing the redox potential and decreasing the difference in the H^+^ concentration gradient inside and outside active muscle cells, decreasing K^+^ release ([@b88-ijmm-45-06-1644]). In addition, lactic acid was suggested to have a certain antioxidant effect ([@b89-ijmm-45-06-1644]) and was associated with tissue damage repair ([@b90-ijmm-45-06-1644]). In the present study, the results indicated that the level of lactic acid in the diaphragm of the model rats decreased compared with the control rats, while the expression of lactic acid in the diaphragm of the exercise rats increased, which may involve a variety of roles for lactic acid. Future studies should be performed to elucidate these roles.

3-cyanoalanine belongs to the class of organic compounds known as the l-alpha-amino acids ([@b91-ijmm-45-06-1644]). Citraconic acid, also called 2-methylmaleate or methylmaleic acid, belongs to the class of organic compounds known as methyl-branched fatty acids ([@b92-ijmm-45-06-1644]). 2-hydroxypyridine is used in peptide synthesis ([@b93-ijmm-45-06-1644]). To the best of our knowledge, there have only been a few studies on these 3 substances in COPD and exercise-induced human metabolite changes, and further research is required. Dioctyl phthalate does not serve a role in the metabolism of mammals. Although this compound was qualitatively identified in the present study, the specific level of dioctyl phthalate and the reason for its appearance require further examination.

Biomarker pathway analysis of improving diaphragm function through exercise
---------------------------------------------------------------------------

The mechanism by which exercise improves diaphragm function may involve multiple metabolites and associated metabolic pathways. Pathway analysis of differential metabolites is useful in analyzing the specific regulation mechanism of exercise. By studying the pathways of different metabolites between different groups, the present study identified that the pathways involved in the exercise-dependent improvement of diaphragm function are most likely the nicotinate and nicotinamide metabolism and arginine and proline metabolism pathways. Notably, combined with previously published data, the glycine-serine-threonine metabolism and fatty acid biosynthesis and metabolism pathways may also be associated with the exercise-dependent enhancement of the diaphragm function. The nicotinate and nicotinamide pathways are potentially part of the mechanism by which exercise enhances diaphragm function. Nicotinate is oxidized by tryptophan and converted to nicotinamide in the small intestinal mucosa, which eventually binds to proteins to form NAD+ and NADP. A previous study demonstrated that moderate exercise accelerates nicotinic acid metabolism *in vivo* ([@b94-ijmm-45-06-1644]). The effects of exercise on the expression of NAD+ and NADP *in vivo* has been an ongoing topic of investigation ([@b95-ijmm-45-06-1644]). The results of the present study are also consistent with these studies: The training effect of exercise on the diaphragm may be associated with the local changes in the nicotinamide metabolic pathway.

The arginine and proline metabolic pathway serves a crucial role in the formation of cytoplasm and nucleic acid proteins, and in controlling protein renewal ([@b96-ijmm-45-06-1644]). Supplementary arginine increases the production of nitric oxide, and then induces the expression of utrophin and the activation of muscle satellite cells, thereby improving the pathological process of muscular dystrophy ([@b97-ijmm-45-06-1644]). Proline is not only the result of arginine metabolism but also the raw material for the synthesis of arginine ([@b98-ijmm-45-06-1644]). This process depends on the ornithine cycle, which renders the synthesis and metabolism of arginine recyclable. The pulmonary matrix is degraded in patients with COPD, and matrix metalloproteinases further destroy collagen fibers and degrade them into small fragments of proline and other amino acids. Hypoxic damage in patients with COPD is likely to be accompanied by the presence of methylated arginine products, which means that arginine may represent a biomarker of an acute attack of COPD ([@b99-ijmm-45-06-1644]). These methylated arginine products lead to airway obstruction through the decomposition of arginine ([@b100-ijmm-45-06-1644]). The pathways may also involve multiple extra-pulmonary injuries ([@b101-ijmm-45-06-1644],[@b102-ijmm-45-06-1644]). For example, associated amino acids may contribute to the imbalance of protein synthesis and degradation in COPD skeletal muscle dysfunction and muscle atrophy ([@b103-ijmm-45-06-1644]). Early studies indicated that exercise affects the metabolism of arginine and proline, although in a manner that is dependent on exercise patterns and intensity ([@b94-ijmm-45-06-1644],[@b95-ijmm-45-06-1644]). Therefore, the effect of exercise on the metabolic pathway of arginine and proline may be one of the mechanisms through which exercise affects the function of the diaphragm muscle.

In the present study, it was identified that threonine and serine may contribute to exercise-dependent improvement of diaphragm function. The interaction between glycine, serine and threonine metabolism is close: Glycine and serine can be transformed into each other under the action of hydroxylmethyltransferase ([@b104-ijmm-45-06-1644]), while threonine can be decomposed into serine or glycine under the action of specific enzymes, such as hydroxymethyl transferase and threonine deaminase. The metabolism of these amino acids requires further study based on their vital biological functions.

Finally, lipid-associated processes, such as fatty acid synthesis and metabolism, were also identified in the comparison of the differential metabolite-associated pathways, although these factors were not significantly involved. With the in-depth studies on adipose tissue, in particular the identification of leptin ([@b105-ijmm-45-06-1644]), adiponectin ([@b106-ijmm-45-06-1644]), resistin ([@b107-ijmm-45-06-1644]) and chemokines ([@b108-ijmm-45-06-1644]), the multiple roles of adipose tissue in chronic diseases are gradually being revealed. Adipose tissue may serve a regulatory role in the body through multiple pathways ([@b109-ijmm-45-06-1644]). At present, exercise training has demonstrated a unique stimulating effect on the adipose tissue: Moderate exercise accelerates lipid metabolism ([@b110-ijmm-45-06-1644],[@b111-ijmm-45-06-1644]). Simultaneously, as the basic component of lipids, fatty acids are considered to be associated with COPD inflammation ([@b112-ijmm-45-06-1644],[@b113-ijmm-45-06-1644]), which suggests that changes in fatty acids are likely to be a potential factor affecting COPD disease progression. Adding a fatty acid supplement to the treatment regimen of patients with COPD on the basis of exercise training can improve the regulation of the immune response of the body, and the change in immune function can further affect the inflammatory response of the disease, thereby achieving effective exercise rehabilitation ([@b114-ijmm-45-06-1644]). According to the results of the present study, exercise may also affect the role of adipose tissue in the human body, producing therapeutic effects.

In the present study, CSE was used in the process of establishing animal models of COPD, which has been applied in numerous studies. However, the factors leading to COPD formation are complex: Multiple etiologies are considered to be associated with the occurrence of COPD, such as cigarette smoke, air pollution, metabolic derangements, genetics and aging ([@b1-ijmm-45-06-1644],[@b115-ijmm-45-06-1644]). Unfortunately, the present study only simulated a COPD animal model using cigarette smoke, which is one of the study limitations. Pulmonary function tests and lung histology were used to identify COPD models. Following verification of the model, the remaining rats underwent an exercise intervention or were allowed to move freely. A 9-week intervention indicated the effectiveness of regular exercise and caused changes in multiple metabolites. In the present study, certain physiological values were measured, such as diaphragm function and pulmonary function tests, to measure diaphragm function directly or indirectly, respectively. Nevertheless, these indicators are not sufficient, and more assessments of the function of the target muscles and physiological studies should be performed, which is one of the limitations of the present study, as the closer the relationship between biological alternations and pathophysiological phenomena, the more meaningful the results of biological analysis will be. Future studies should focus on the quantitative changes of differential metabolites and their metabolic pathways. Furthermore, the present study group will conduct knockout/overexpression studies of the metabolic pathways of the metabolites identified in the present study, to observe whether the effect of exercise on the improvement of diaphragm function is affected. Whether the biomarkers identified in the present study are also relevant in patients with COPD remains to be established, as the present study focused on a COPD animal model.

In conclusion, physiological studies and biological analyses were used in the present study. Following confirmation of the improvement in diaphragm function, metabolomics research methods were applied to explore the potential molecular biology mechanism of exercise training to improve diaphragm function in COPD. A total of 4 metabolites (threonine, serine, nicotinamide and lactic acid) were considered as potential biomarkers to enhance the diaphragm function in COPD rats. Concomitantly, through the analysis of the pathways of different metabolites, 2 pathways, the nicotinic acid and nicotinamide metabolism and arginine and proline metabolism pathways, were identified to be the most likely metabolic pathways involved in the exercise-based improvement of diaphragm function. The present study provides a reference for exploring the mechanism of pulmonary rehabilitation through screening biomarkers and associated pathways by metabolomics, but further studies are required.
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![Flow chart of animal grouping. SD rats, Sprague-Dawley rats; CSE, cigarette smoke exposure; COPD, chronic obstructive pulmonary disease; CR, COPD rats; CG, control group; CMG, COPD model group; CEG, COPD + exercise group.](IJMM-45-06-1644-g00){#f1-ijmm-45-06-1644}

![Bodyweight and pulmonary function and structure following model establishment. (A) Weight change during model establishment. (B) Comparison of pulmonary function between model rats and CG. (C) Pulmonary structure in CG. Scale bar=50 *µ*m. (D) Pulmonary structure in model rats. Scale bar=50 *µ*m. The black arrows indicate the enlarged alveoli. ^\*^P\<0.05. PEF, peak expiratory flow; FVC, forced vital capacity; FEV100, 100 milliseconds forced expiratory volume; FRC, functional residual capacity; VC, vital capacity; peak expiratory flow; CR, chronic obstructive pulmonary disease rats; CG, control group.](IJMM-45-06-1644-g01){#f2-ijmm-45-06-1644}

![Pulmonary function and histological changes following intervention. (A) Comparison of pulmonary function of rats in each group following intervention. (B) Histological structure of CMG lung tissues. The black arrows indicate the enlarged alveoli. Scale bar=50 *µ*m. (C) Histological structure of CEG lung tissues. The black arrows indicate the enlarged alveoli. Scale bar=50 *µ*m. (D) Histological structure of CG lung tissues. Scale bar=50 *µ*m. ^\*^P\<0.05. PEF, peak expiratory flow; FVC, forced vital capacity; FEV100, 100 milliseconds forced expiratory volume; FRC, functional residual capacity; VC, vital capacity; peak expiratory flow; COPD, chronic obstructive pulmonary disease; CMG, COPD model group; CEG, COPD + exercise group; CG, control group.](IJMM-45-06-1644-g02){#f3-ijmm-45-06-1644}

![Changes in diaphragm muscle strength and histology after the intervention. (A) Diaphragm strength among three different groups following intervention. (B) Histological observations of the diaphragm tissues in the CMG. The black arrows indicate the enlarged muscle fiber gaps. Scale bar=50 *µ*m. (C) Histological observations of the diaphragm tissues in the CEG. Scale bar=50 *µ*m. (D) Histological observations of the diaphragm tissues in the CG. Scale bar=50 *µ*m. ^\*^P\<0.05. COPD, chronic obstructive pulmonary disease; CMG, COPD model group; CEG, COPD + exercise group; CG, control group.](IJMM-45-06-1644-g03){#f4-ijmm-45-06-1644}

![Score scatter plot of the PCA model. (A) Score scatter plot of the PCA model for CG vs. CMG. (B) Score scatter plot of the PCA model for CMG vs. CEG. Most samples in the score plots were within the 95% Hotelling\'s T-squared ellipse. PCA, principal component analysis; COPD, chronic obstructive pulmonary disease; CMG, COPD model group; CEG, COPD + exercise group; CG, control group.](IJMM-45-06-1644-g04){#f5-ijmm-45-06-1644}

![Results of OPLS-DA. (A) Score scatter plot of the OPLS-DA model for CG vs. CMG. (B) Score scatter plot of the OPLS-DA model for CMG vs. CEG. (C) Permutation test of the OPLS-DA model for CG vs. CMG. (D) Permutation test of the OPLS-DA model for CMG vs. CEG. CMG, COPD model group; CEG, COPD plus exercise group; CG, control group; OPLS-DA, orthogonal projections to latent structures-discriminant analysis; COPD, chronic obstructive pulmonary disease; CMG, COPD model group; CEG, COPD + exercise group; CG, control group.](IJMM-45-06-1644-g05){#f6-ijmm-45-06-1644}

![Volcano plot. (A) Volcano plot for CG vs. CMG. (B) Volcano plot for CMG vs. CEG. VIP, Variable Importance in the Projection; COPD, chronic obstructive pulmonary disease; CMG, COPD model group; CEG, COPD + exercise group; CG, control group.](IJMM-45-06-1644-g06){#f7-ijmm-45-06-1644}

![Heatmap of hierarchical clustering analysis. (A) Heatmap of hierarchical clustering analysis for CG vs. CMG. (B) Heatmap of hierarchical clustering analysis for CMG vs. CEG. CMG, COPD model group; CEG, COPD + exercise group; CG, control group.](IJMM-45-06-1644-g07){#f8-ijmm-45-06-1644}

![Pathway analysis. (A) Pathway analysis for CG vs. CMG. (B) Pathway analysis for CMG vs. CEG. COPD, chronic obstructive pulmonary disease; CMG, COPD model group; CEG, COPD + exercise group; CG, control group.](IJMM-45-06-1644-g08){#f9-ijmm-45-06-1644}

![Major metabolites and corresponding pathways affected by exercise. The shared expression of metabolites and their corresponding pathways in separate group comparisons were suggested to be involved in the potential mechanisms of action of exercise-induced diaphragm function enhancement.](IJMM-45-06-1644-g09){#f10-ijmm-45-06-1644}

###### 

Metabolites with contrasting expression profiles between CMG/CG and CEG/CMG groups.

  Metabolites         Trends in CMG/CG   Changing trends in CEG/CMG   Fold-change in CMG/CG   P-value in CMG/CG   Fold-change in CEG/CMG   P-value in CEG/CMG
  ------------------- ------------------ ---------------------------- ----------------------- ------------------- ------------------------ --------------------
  Threonine           Down               Up                           0.778                   0.005               1.569                    0.001
  Serine              Down               Up                           0.275                   0.007               1.433                    0.001
  Nicotinamide        Down               Up                           0.672                   0.028               1.504                    0.022
  Lactic acid         Down               Up                           1.507                   0.033               83147489.53              0.013
  Citraconic acid     Down               Up                           0.808                   0.039               1.426                    0.001
  2-Hydroxypyridine   Down               Up                           0.814                   0.006               1.700                    0.002
  3-Cyanoalanine      Down               Up                           0.656                   0.009               1.451                    0.002
  Dioctyl phthalate   Down               Up                           0.022                   0.019               24.811                   0.026

Down, downregulated; Up, upregulated; CMG, COPD model group; CEG, COPD + exercise group; CG, control group.
